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INTRODUCTION
As population aging is taking place all over the world, there is a growing interest and demand for development of medical devices that can monitor health of a patient using convenient and non-invasive methods. Currently there are on-going researches on home/portable medical devices as well as medical instruments that use non-invasive methods to minimize patient's pain. In particular, the blood pressure of a patient is used as an important vital sign for determining the patient's health status [1] [2] [3] . One of the non-invasive blood pressure measurement methods is the oscillometric method [4] . Forster [5] proposed oscillometric model considering the pressure and volume of the blood vessels, and analyzed MAP and various parameters that determine the systolic and diastolic pressure. Then he reported that characteristic ratio between the blood pressures is influenced by arterial pressure's waveform and compliance of the arteries. Mauck [6] presented an artery model and found out that cuff pressure at maximum oscillation point was equal to MAP. Gizdulich [7] modeled relationship between pressure and volume of the arteries in the form of an arc-tangent function. Ursino [8, 9] proposed a model that took various factors that affect the blood pressure when applying oscillometric method into consideration. The proposed model considered the characteristics of biological tissue and cuff. Then simulation was executed for the proposed model and analyzed. However this method has several disadvantages as follows. The raw signal from the oscillometric method is a mixed signal due to cuff pressure and the oscillation waveform, which is the arterial pulsation signal in response to applied cuff pressure. Thus, to extract the oscillation waveform, cuff pressure is subtracted from the original signal. For this, usually a high pass filter (HPF) is used, but different oscillation waveforms are displayed depending on frequency bandwidth of HPF. That is, the oscillation signal may be distorted or attenuated. Next, maximum amplitude of the oscillation waveform is set as the mean arterial pressure (MAP) [10] . And finally, the systolic and diastolic pressure is estimated by applying characteristic ratio (CR) on the MAP. But the characteristic ratio does not take into account patient's arterial condition, gender, age, disease, etc., and instead applies a constant CR. Therefore the oscillometric method may measure inaccurate blood pressure.
In this study, we tried to come up with a method to estimate the blood pressure without applying HPF on signal measured by the oscillometric method. To do this, we tried to estimate the blood pressure by analyzing and comparing locational changes in pulsation waveform's dicrotic notch region during each cardiac period and morphological changes that occur in pulsation waveform during each cardiac period, in response to change in applied pressure on the cuff. And we suggested a model for estimating the blood pressure based on hemodynamic theory, and then executed simulations. The suggested model and simulation execution process are as follows. The artery model suggested in this study took only the compliance of the arteries into account, hence it was named the compliance model [11] [12] [13] , which represents changes in the arterial volume according (in response to) to change in the transmural pressure. To estimate the blood pressure using characteristic changes in the pulsation waveform, the pulsation waveform model was presented. The pulsation waveform in the artery consists of the sum of sine wave and a Fourier's series in combination form up to the 10th harmonics components of the sinusoidal waveform is deployed. Also, we observed characteristic change in blood volume in arterial vessel by inputting pulsation waveform to the compliance model. In other words, change in arterial blood volume in response to change in cuff pressure by externally applied force was observed. Then we observed characteristic changes in the pulsation waveform by mapping the arterial volume change in accordance with applied cuff's pressure change to the pulsation waveform's change in response to change in applied cuff pressure. And finally, we estimated the systolic and diastolic blood pressures by analyzing locational changes in pulsation waveform's dicrotic notch region during each cardiac periods, represented by the arterial volume change in applied cuff pressure.
EXPERIMEND METHODS

Pulsation Waveform Model
Characteristics of the arteries may involve various factors affecting the blood flow, such as elasticity, compliance, and viscoelasticity. In general, hemodynamic characteristics of the arteries represent the arterial volume changing aspects in various type depending on the change of pressure.
In this study, we created compliance model by considering only one of characteristics of the artery model and then executed simulation using Matlab (Matlab2009b, Mathworks Co., USA). Since it reflects characteristics of the arterial volume change due to changes in internal pressure of the arteries, it was named the compliance model. Transmural pressure is the arterial pressure when the blood from heart perfuse with artery, subtracted by the external pressure applied on the cuff. In this study, we estimated blood pressure using characteristics changes in pulsation waveform of the arteries. To do this, the arterial pulsation waveform from Jeon's [14] study was applied. The pulsation waveform in the artery consists of the sum of sine waves and a Fourier's series in combination form up to 10th harmonics components of the sinusoidal waveform is utilized. Following equation is applied to the arterial pulsation waveform model, and the resulting pulsation waveform looks like Fig. 1. 
The Blood Volume Change considered Compliance of the Artery
In this study, we observed characteristic changes in the arterial blood volume by inputting the pulsation waveform to the compliance model. Based on the compliance model of the artery, we presented the volume-change model of the artery during each cardiac period according to change in pressure applied on the cuff. Simulation process, which took compliance of the artery into consideration, on the arterial blood volume change is as follows. First, the transmural pressure was found and then change in arterial blood volume in response to change in trasmural pressure was observed. Next, we observed change in the pulsation waveform while pressure applied on the cuff was increase from 1 mmHg to 180 mmHg. The observation results are shown in Fig. 2. Fig. 2 indicates change in the pulsation waveform in response to the blood volume change due to the cuff pressure change. Fig. 2 is result of the simulation, which was conducted to observe change in pulsation waveform. The x-axis of Fig. 2 represents time series data of the pulsation waveform. The y-axis represents change in pulsation waveform in response to change in applied cuff pressure. As shown in Fig.2 , the pulsation waveform changes in the direction from top to bottom. This phenomenon means that the pulsation waveform should be change according to the blood volume of the artery change in response to the applied cuff pressure increase which is come down more in direction from top to bottom in y-axis. Fig. 3 shows change in pulsation waveform in response to change in arterial blood volume according to externally applied pressure on the cuff. That is, change in the pulsation waveform is represented by change in arterial blood volume according to applied cuff's pressure change while cuff pressure decreased from 180 mmHg to 1 mmHg. In Fig. 3 , the pulsation waveform's amplitude was smaller when pressure applied on the cuff was higher. On the other hand, the pulsation waveform's amplitude was greater when applied the cuff's pressure decreased. We confirmed this phenomenon by observing decrease in amplitude of the pulsation waveform in response to decrease in pressure applied on the cuff. Also, the pulsation waveform's dicrotic notch region, which is the inflection portion generated by reflected wave, represent changing phenomenon according to applied the cuff's pressure. This dicrotic notch portion included in each pulsation waveform is represented by the change in arterial blood volume according to change in pressure applied on the cuff.
To conveniently compare and analyze, and observe distinctive locational changes in the pulsation waveform's dicrotic notch region, normalization process was applied to this study. (The normalization result is shown in Fig. 4 ) Fig. 2 . The pulsation waveform's changing aspect according to change of the cuff's pressure. Fig. 3 . A mapped result waveform that the arterial volume change in accordance with applied cuff's pressure change to the pulsation waveform's change according to applied the cuff's pressure change.
Simulation of the Blood Pressure Estimation Using the Artery Compliance Model and Pulsation Waveform Model
SIMULATION
Simulation Methods
Simulation was carried out to estimate the systolic and diastolic blood pressure from the positional change of pulsation waveform's dicrotic notch region in artery during each cardiac period according to applied the cuff's pressure. Simulation process is as follows.
First, according to Hemodynamic theory, the blood vessel volumes change due to the cuff pressure degree. The compliance model considered only artery's compliance, and it showed arterial volume change according to the transmural pressure. The pulsation waveform model was suggested to estimate blood pressure using characteristic changes of the pulsation waveform in the arteries. This model was composed of the sum of sine waves and a Fourier's series in combination form up to 10th harmonics components of the sinusoidal waveform. Then characteristic of arterial volume change was observed by inputting pulsation waveform into the compliance model. In other words, change in pulsation waveform was observed which results from arterial volume change caused by change in external pressure applied on the cuff. The characteristic changes were also observed in the pulsation waveform by mapping the arterial volume change in accordance with applied cuff's pressure change to the pulsation waveform's change according to applied pressure changes by cuff. The systolic and diastolic blood pressures were estimated by applying positional change of pulsation waveform's dicrotic notch region,
Simulation Results
As a result of simulation that in the pulsation waveform by mapping the arterial volume change in accordance with applied cuff's pressure change to the pulsation waveform's change according to applied pressure changes by cuff, one can observe the following phenomenon. When externally applied pressure is high, arterial volume decreases, resulting in very small pulsation waveform amplitude. When pressure applied is decreased, amplitude of the pulsation waveform continues to increase. However, when pressure applied continues to decrease, amplitude of the pulsation waveform once again decreases exponentially. This phenomenon is in accordance with the compliance model, which shows change in blood vessel volume in response to change in applied pressure. And in Fig. 5 , one can observe that depending on externally applied pressure, position of the pulsation waveform's dicrotic notch region undergoes transition. Fig. 5 shows result of simulation, which was conducted to estimate systolic and diastolic blood pressure by observing positional change in dicrotic notch region. One can see from Fig. 8 that when X is 1300, position of periodic pulsation waveform's dicrotic notch region rises.
Since periodic pulsation waveform consists of 100 samples, it corresponds to 13th pulsation waveform. Thus, the starting position of change in pulsation waveform's dicrotic notch region is the previous waveform -the 12th pulsation waveform. We estimated that this point's pressure corresponds to systolic blood pressure. In addition, when X is 2000, the position of pulsation waveform's dicrotic notch region does not change and remain constant. This point corresponds to the 20th pulsation waveform and this point's pressure corresponds to diastolic blood pressure.
By slowly decreasing cuff pressure 5 mmHg at a time, we decreased the externally applied cuff pressure from 180 mmHg to 60 mmHg, and estimated systolic and diastolic blood pressure. When the 12th pulsation waveform's pressure is calculated, the resulting value is 60 mmHg (12th 5mmHg). And the pressure of the 20th pulsation waveform is 100 mmHg (20th 5mmHg). By subtracting the 20th waveform's pressure from the maximum pressure, we estimated that the diastolic pressure is 80 mmHg. By using methods mentioned above, we were able to estimate systolic and diastolic blood pressures. 
CONCLUSIONS
In this study, we made models and conducted simulations to estimate systolic and diastolic pressure by observing positional change in dicrotic notch region of the periodically pulsation waveform. To do this, we presented artery's compliance model and pulsation waveform model. We obtained the following results by applying the models to observe change in the area of pulsation waveform. When pressure applied on the cuff decreased, the area of pulsation waveform was increased in response to change in arterial volume. And when pressure applied on the cuff continued to decrease, the area of pulsation waveform was decreased. In addition, we observed that dicrotic notch region (inflection region formed by the reflective waves) of the pulsation waveform, changed position in response to pressure applied on the cuff.
Using the two models presented in the study, we conducted simulation on estimating blood pressure using positional change in pulsation waveform's dicrotic notch region. The pulsation waveform model's systolic and diastolic blood pressure was set to 120 mmHg and 80 mmHg, respectively. Then positional change in the pulsation waveform's dicrotic notch region was observed when externally applied cuff pressure was reduced from 180 mmHg to 1 mmHg, 5 mmHg at a time. Simulation result showed that pulsation waveform's dicrotic notch region first began to rise in the 12th pulsation waveform, and this point was estimated to be the systolic blood pressure. The systolic blood pressure was estimated by subtracting 60 mmHg (5 mmHg 12) from 180 mmHg, which is 120 mmHg. Simulation result also showed that from the 20th pulsation waveform, dicrotic notch region's position became constant (unchanged), and this point was estimated to be the diastolic blood pressure. Diastolic blood pressure was calculated by subtracting 100 mmHg (5 mmHg 20) from 180 mmHg, which is 80 mmHg. From the simulation results we were able to observe that pulsation waveform changes because arterial volume changes in response to change in cuff pressure.
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